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Abstract

The placenta plays a crucial role in maintaining pregnancy stability, requlating fetal growth, and facilitating
maternal-fetal exchange. Its proper development relies on placental vasculogenesis and angiogenesis, along

with adaptive remodeling of the maternal uterine vasculature. However, the mechanisms underlying placental
development and the successful establishment of the maternal-fetal interface remain incompletely understood.
As the third gaseous signaling molecule identified after nitric oxide (NO) and carbon monoxide (CO), hydrogen
sulfide (H,S) has been demonstrated to regulate vascular adaptation during pregnancy by promoting angiogenesis
and neovascularization. Dysregulated H,S biosynthesis has been implicated in pregnancy complications,

including preeclampsia (PE), fetal growth restriction (FGR), and preterm birth (PTB), underscoring its potential as

a therapeutic target. Recent studies have revealed that H,S regulates placental function via multiple signaling
pathways, including activating adenosine triphosphate (ATP)-sensitive K™ (Kxrp) channels, large-conductance
calcium-activated potassium channels (BK-, channels), endothelial nitric oxide synthase (eNOS) signaling, and
mitochondrial dynamics. Notably, H,S-mediated persulfidation of mitochondrial Rho GTPase 2 (Miro2) has been
shown to maintain trophoblast invasiveness and promote placental vascular homeostasis. Additionally, exogenous
H,S donors (e.g., GYY4137 and NaHS) have demonstrated therapeutic potential in experimental models, effectively
reversing PE-like pathologies, improving placental perfusion, and restoring trophoblast function. Research further
indicates that BK., channels play a key role in H,S-mediated vasodilation by modulating intracellular Ca* flux,
which influences placental vascular tone and perfusion, reinforcing the importance of H,S in maternal—fetal
circulation regulation. This review provides a comprehensive summary of H,S biosynthesis and metabolism and
its regulatory role in early placental development. Notably, elevated estrogen levels during pregnancy have been
identified as key regulators of H,S production, and we discuss the molecular mechanisms by which estrogen
modulates H,S synthesis. Furthermore, we discuss the vascular-protective and anti-inflammatory properties of H,S
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pregnancy complications.

donors and dual-donor strategies. As research continues to reveal H,S-mediated mechanisms in placental function
and pregnancy disorders, optimizing the pharmacological application and clinical translation of H,S donors and
combination therapies will be a key research focus. Advancing H,S metabolic regulation, signaling pathways, and
targeted delivery systems may drive the development of novel diagnostic tools and therapeutic strategies for

Keywords Hydrogen sulfide (H,S), Placental development, Spiral artery remodeling (SAR), Uterine blood flow (UtBF),
H,S donors, Estradiol-3, Preeclampsia (PE), Fetal growth restriction (FGR)

Introduction

During pregnancy, the placenta plays a pivotal role in
maintaining maternal-fetal homeostasis by regulat-
ing nutrient and gas exchange, hormone secretion, and
immune tolerance at the maternal—fetal interface [1, 2].
Its proper development relies on placental vasculogenesis
and angiogenesis, as well as the adaptive remodeling of
maternal uterine vasculature [3-5]. However, the pla-
centa lacks intrinsic vascular regulation, and its perfusion
relies on dynamic maternal hemodynamic changes, espe-
cially in the uterine arteries (UAs) [5, 6]. A key process
in placental vascular adaptation is spiral artery remodel-
ing (SAR), which is initiated by extravillous trophoblast
(EVT) invasion and completed through endothelial and
smooth muscle cell (SMC) replacement and vascu-
lar dilation [7-10]. This remodeling process creates a
high-capacity, low-resistance circulatory bed critical for
optimal fetal perfusion [11-14] (Fig. 1). Abnormal EVT
invasion and inadequate SAR are strongly associated with
major pregnancy complications, including preeclamp-
sia (PE) [15-18], fetal growth restriction (FGR) [19-21],
recurrent spontaneous abortion (RSA) [22-24], and pre-
term birth (PTB) [25], all of which can affect long-term
maternal and fetal health [26-29].

Recent genetic studies suggest that placental dysfunc-
tion is often underrecognized as a primary cause of
congenital anomalies. Mouse models have shown that
embryo lethality caused by certain gene deletions can be
rescued by functional placentas, indicating that the pla-
centa may play a decisive role in fetal survival and organ-
ogenesis [30—35]. For example, mutations in Pparg- and
Mapk14 (p38a)-mutant have been linked to cardiac mal-
formations secondary to placental defects [36, 37]. Clini-
cal studies further support a strong association between
placental abnormalities and neonatal neurodevelop-
mental disorders [38-45]. These findings underscore
the need to understand the molecular signals that gov-
ern placental vascular function and remodeling. Among
emerging molecular regulators, hydrogen sulfide (H,S)
has attracted growing interest. Recognized as the third
gasotransmitter [46] following nitric oxide (NO) [47] and
carbon monoxide (CO) [48]. H,S exerts diverse effects
on vascular biology, including vasodilation, angiogenesis,
anti-inflammation, and antioxidant defense [49-54]. In
the context of pregnancy, H,S enhances uteroplacental
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blood flow by activating adenosine triphosphate (ATP)-
sensitive K+ (K,rp) and large-conductance calcium-acti-
vated potassium (BK.,) channels [51-54], potentiating
NO-mediated vasodilation [55, 56], and modulating EVT
invasion and vascular endothelial growth factor (VEGEF)-
driven angiogenesis [49, 57, 58]. Notably, it maintains
placental vascular homeostasis even in pathological
conditions such as PE and FGR. Despite its promising
vascular-protective potential, the precise roles and reg-
ulatory mechanisms of H,S in placental development
remain incompletely defined. Questions persist regard-
ing how H,S modulates trophoblast behavior, SAR, and
local hemodynamics during early pregnancy. Moreover,
the interplay between H,S and estrogen, a key hormone
elevated during pregnancy, may offer additional insight
into H,S biosynthesis and action within the uteroplacen-
tal environment.

Given that many pregnancy complications such as PE,
FGR, PTB, and placenta accreta originate in early pla-
centation but typically manifest later in gestation [59,
60], understanding early molecular disruptions is crucial
for advancing predictive and therapeutic strategies. This
review aims to comprehensively summarize the emerging
roles of H,S in placental physiology, including its effects
on vascular remodeling, trophoblast function, oxidative
stress, and immune regulation. We further discuss the
regulation of H,S biosynthesis by estrogen and the thera-
peutic potential of H,S donors, highlighting future direc-
tions for clinical translation.

H,S biosynthesis and mechanisms

Historical background and significance of H,S

H,S was historically viewed as a toxic gas, primarily due
to its inhibitory effects on mitochondrial respiration at
high concentrations. However, research in the mid-20th
century revealed its endogenous production in mam-
mals, challenging the traditional toxicological para-
digm [61, 62]. In 1996, Hideo Kimura identified H,S as
neuromodulator synthesized in the brain and proposed
its role as a signaling molecule [63]. This discovery, fol-
lowed by studies demonstrating H,S-induced vasodila-
tion and anti-inflammatory activity, laid the foundation
for its recognition as the third endogenous gasotransmit-
ter alongside NO and CO [46, 64, 65]. Additionally, H,S
plays crucial regulatory roles in both male and female
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Fig. 1 Maternal-Fetal Interface During Early Placental Development. In early pregnancy, EVTs originating from the cytotrophoblast shell invade the
maternal decidua and SAs, orchestrating essential vascular remodeling. iEVTs infiltrate the decidual stroma, while eEVTs migrate into the SA lumen, pro-
gressively replacing endothelial cells and inducing VSMC degradation. This transformation converts the tightly coiled, high-resistance SAs into widened,
low-resistance vessels, optimizing maternal blood flow to the placenta and sustaining fetal development. Notes: EVTs: extravillous trophoblasts; iEVTs:
interstitial EVTs; eEVTs: endovascular EVTs; SA: spiral Arteries; VSMC: vascular smooth muscle cell
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Fig. 2 Biosynthesis of H,S and tissue distribution of key enzymes (CBS, CSE, and 3-MST). A H,S biosynthesis pathways. H,S is synthesized through three
key enzymes: CBS, CSE, and3-MST. CBS catalyzes the conversion of Hcy and Ser into Cth, which is further degraded by CSE to produce Cys and H,S. CBS
can also generate H,S by catalyzing Hcy condensation or using Cys as a substrate. CSE produces H,S through cystathionine degradation and alterna-
tive reactions involving L-cysteine or homocysteine, leading to the formation of lanthionine, homolanthionine, pyruvate, a-KB, and H,S. 3-MST converts
3-MP, derived from L-cysteine via CAT, into a persulfide intermediate, which is reduced to release H,S. Additionally, 3-MP can undergo non-enzymatic
degradation to form H,S. DAO also contributes to H,S production by converting D-cysteine into 3-MP, particularly in the kidney and cerebellum. B Tis-
sue distribution of CBS, CSE, and 3-MST. The expression patterns of these enzymes vary across different organs. Notes: CBS: Cystathionine 3-Synthase;
CSE: Cystathionine y-Lyase; CAT: Catalase; DAO: D-Amino Acid Oxidase; 3-MST: 3-Mercaptopyruvate Sulfurtransferase; 3MP: 3-Mercaptopyruvate; a-KB:
a-Ketobutyrate; Pyr: Pyruvate; Cys: L-cysteine; Hcy: Homocysteine; Ser: Serine; a-KA: a-Keto Acid; Cth: Cystathionine ~ Glu: Glutamate; -SSH: Persulfide; Trx:

Thioredoxin; DHLA: Dihydrolipoic Acid

reproductive systems and pregnancy [66—69], support-
ing processes such as oocyte maturation, corpus luteum
maintenance, sperm production and motility, trophoblast
invasion, and placental blood flow optimization. These
functions collectively ensure normal reproductive pro-
cesses and healthy pregnancy progression.

Biosynthesis and metabolic pathways of H,S

The synthesis and metabolism of H,S in vivo involve
a complex interplay of enzymatic and nonenzymatic
pathways. Its biosynthesis occurs through enzymatic
reactions, while its degradation involves oxidation, meth-
ylation, binding to methemoglobin, and exhalation in a
gaseous form.

Enzymatic pathways of H,S synthesis

H,S is primarily synthesized by three key enzymes: cys-
tathionine pB-synthase (CBS), cystathionine y-lyase (CSE),
and 3-mercaptopyruvate sulfurtransferase (3-MST).
These enzymes collectively regulate H,S production
through interrelated metabolic pathways and func-
tion in specific physiological environments, including
the uterus, placenta, ovaries, embryonic development,
and pregnancy maintenance [69] (Fig. 2). CBS/CSE-H,S
systems are expressed in the UA across species such as
sheep [70], rats, and humans [71], suggesting a potential
role in uterine blood flow (UtBF) regulation.

CBS, encoded on chromosome 21, is a pyridoxal-
5’-phosphate (PLP)-dependent enzyme and the first in
the transsulfuration pathway. It catalyzes the conversion
of homocysteine (Hcy) and serine (Ser) or cysteine to
cystathionine (Cth) and H,S [63, 72-77]. CBS is highly
expressed in the central nervous system, liver, gastroin-
testinal tract, placenta, and uterine vasculature, where
it supports placental angiogenesis and fetal perfusion
via H,S-mediated signaling involving VEGEF, placen-
tal growth factor (PIGF), and mitogen-activated protein
kinases (MAPK) pathways [68, 70, 71, 78, 79]. During
pregnancy, CBS expression is upregulated in both the
placenta and UA [70, 71], and its dysregulation is impli-
cated in pathologies such as Down syndrome [80-82].
Knockout mouse models reveal that CBS deficiency
impairs placental growth, uterine weight, and follicular
maturation, with disrupted estrous cycles and reduced
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conception rates, highlighting its importance in main-
taining a supportive reproductive environment [83-87].
Beyond H,S synthesis, CBS can also produce NO or per-
oxynitrite (ONOO") through interactions with substrates
like nitrite (NO,"), implicating its role in vascular tone
regulation and oxidative stress balance [88].

CSE, encoded on chromosome 1, is another PLP-
dependent enzyme predominantly expressed in the car-
diovascular system, respiratory system, kidneys, liver,
uterus, and peripheral tissues [89-91]. CSE is highly
expressed in the cytoplasm but can translocate to mito-
chondria under specific conditions [92]. It catalyzes
H,S production from Cth or cysteine via multiple B- or
y-cleavage reactions [76, 93—95]. While CBS is estrogen-
sensitive and dynamically expressed during pregnancy,
CSE expression remains relatively stable [70, 71]. CSE-
knockout mice show vascular dysfunction, decreased
serum H,S, and impaired pregnancy outcomes, including
reduced implantation success and increased fetal inflam-
mation, suggesting roles in maternal vascular adaptation
and anti-inflammatory regulation [84, 96].

3-MST, encoded on chromosome 22, is a non-PLP-
dependent mitochondrial enzyme that uses 3-mer-
captopyruvate (3-MP) as substrate, with cysteine
aminotransferase (CAT) and dihydrolipoic acid as cofac-
tors [86, 97—102]. It is widely distributed in the liver, kid-
neys, testes, brain, and endocrine organs, whereas lower
levels are found in the spleen, thymus, lungs, and intes-
tines [98, 99]. It catalyzes the formation of persulfides
(-SSH) and contributes to redox regulation and mito-
chondrial H,S reservoirs [102—105]. While 3-MST and its
partner enzyme CAT are expressed in UA, their expres-
sion levels remain unchanged throughout the menstrual
cycle and pregnancy [71].0f note, a fourth enzyme
D-amino acid oxidase (DAO), can generate 3-MP from
D-cysteine, which is subsequently processed by 3-MST/
CAT to produce H,S. This pathway is highly expressed in
the kidneys and cerebellum, with studies indicating that
D-cysteine generates H,S approximately 60 times more
efficiently than L-cysteine (Cys) does [106], making it a
potential therapeutic strategy for targeted H,S delivery in
these organs. However, DAO expression in vascular cells
remains unreported.
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Microbial and dietary sources of H,S: enzymatic and
nonenzymatic pathways

Beyond endogenous enzymatic synthesis, gut microbiota,
diet, and nonenzymatic chemical reactions provide sig-
nificant contributions to systemic H,S production, par-
ticularly in the gastrointestinal and circulatory systems.
These sources work synergistically under physiological
and pathological conditions to maintain H,S homeostasis
and expand its biological functionality.

The gut microbiota represents a significant source of
H,S, which is generated through both enzymatic and
nonenzymatic mechanisms. Sulfate-reducing bacteria
(SRB), such as Desulfotomaculum, Desulfovibrio, and
Desulfobacter [107], dominate the anaerobic colonic
environment, utilizing sulfate (SO,*") as a terminal
electron acceptor to produce sulfide (S*), which subse-
quently converts to H,S under acidic conditions [108].
In addition, non-SRB taxa including Escherichia coli,
Salmonella enterica, and Clostridium species, generate
H.,S via Cys metabolism through Cys desulfhydrase [109,
110]. Some gut-resident bacteria such as Staphylococcus
and Enterobacter generate sulfite (SO;*) or thiosulfate
(S,05%), which can undergo nonenzymatic reduction to
produce H,S [111, 112].

Dietary sulfur compounds also contribute to H,S
availability. Enzymatically, cruciferous vegetables (e.g.,
mustard greens, Chinese kale, and broccoli) are rich in
isothiocyanates and glucosinolates, which are metabo-
lized in the gut to release H,S [113]. Garlic-derived
organosulfur compounds such as diallyl trisulfide (DATS)
can release H,S through thiol-disulfide exchange reac-
tions with glutathione (GSH), also modulating cellular
redox status [113-116]. Recent evidence suggests that
nonenzymatic H,S formation can also occur in periph-
eral tissues via interactions between cysteine and diet-
derived ferric iron (Fe®*) [117] and PLP, the active form
of vitamin B6 [117, 118]. These reactions are promoted
under oxidative stress, particularly in the lungs, heart,
and spleen, and may serve as compensatory mechanisms
for maintaining local H,S levels when enzymatic activity
is impaired.

Recent studies have shown that certain dietary sul-
fur compounds can modulate mammalian signaling
pathways by releasing H,S, which plays essential roles
in cardiovascular, gastrointestinal, neural, and immune
functions. Reduced H,S levels are associated with dis-
orders such as hypertension, diabetes, and immune dys-
regulation [119]. Meat-derived proteins serve as key
substrates for microbial H,S production in the colon
[120]. Once absorbed into the intestinal circulation, H,S
can act on blood vessels, activate enteric neurons, and
influence systemic blood pressure regulation [121]. Addi-
tionally, long-term adherence to sulfur-rich dietary pat-
terns has been linked to increased risk of distal colorectal
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cancer [122], likely mediated by sulfur-metabolizing
bacteria. These findings highlight the systemic impact of
diet—microbiota—H,S interactions and their potential rel-
evance to maternal and placental health.

In summary, these microbial, dietary, and endogenous
metabolism form an interconnected network, which
complements enzymatic pathways and contributes to
immune modulation, vascular regulation, and oxidative
homeostasis—processes highly relevant in pregnancy.
Under hypoxic or inflammatory conditions, such as those
seen in placental insufficiency or gestational disorders,
these alternative sources may become particularly active
and influence maternal-fetal adaptation.

Metabolic pathways of H,S

To maintain physiological H,S homeostasis, biological
systems use three primary metabolic pathways to elimi-
nate or degrade H,S, ensuring that H,S levels remain
within physiological limits and preventing its accu-
mulation. These pathways include the mitochondrial
enzymatic sulfide oxidation pathway, the cytosolic meth-
ylation pathway, and the heme-dependent sulfide oxida-
tion pathway [93].

Mitochondrial enzymatic oxidation: the primary
clearance route Within mitochondria, H,S is oxidized
by sulfide quinone oxidoreductase (SQR) into protein-
bound -SSH [123, 124], with released electrons entering
the electron transport chain, linking H,S metabolism to
cellular respiration and energy production [125, 126].
Subsequent oxidation involves persulfide dioxygenase
(ETHEL1) and sulfite oxidase (SUOX), producing sulfate
(SO,*>) for urine excretion [127-129]. However, when
SO;* accumulates beyond the metabolic capacity of
SUOX, some SO,> reacts with -SSH via thiosulfate
sulfurtransferase (TST), forming thiosulfate (S,05")
[76, 113, 130], which serves as a reversible H,S stor-
age form, releasing H,S when needed. Tissue-specific
variations exist: the liver favors SO,*" generation, kid-
neys produce both S,0,>" and SO,*", and colonic epi-
thelial cells—constantly exposed to microbially derived
H,S—exhibit high SQR and TST expression to rapidly
oxidize and buffer excess H,S [93, 131]. This pathway
not only detoxifies H,S but also integrates redox and
energy homeostasis.

Cytosolic methylation: a secondary backup In the
cytoplasm, thiol S-methyltransferase catalyzes H,S
methylation using S-adenosylmethionine to genet-
ate methanethiol (CH;SH). CH,SH can then be fur-
ther converted into thiocyanate or dimethyl sulfide for
excretion via urine or exhalation [93, 113, 127, 131].
Although the methylation pathway contributes to H,S
metabolism, its physiological significance is relatively
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minor compared with that of mitochondrial oxidation.
Studies suggest that under low H,S conditions, meth-
ylation may be enhanced to assist in H,S clearance,
whereas when H,S levels exceed physiological thresh-
olds, mitochondrial oxidation remains the predomi-
nant degradation mechanism to maintain homeostasis
[113].

Heme-dependent oxidation: a buffering and regula-
tory mechanism In plasma, H,S binds to deoxyhemo-
globin forming sulf-hemoglobin (S-Hb), reducing free
H,S toxicity and releasing it in response to fluctuating
blood oxygen levels [132, 133]. Under oxidative condi-
tions, methemoglobin or Fe** mediates H,S oxidation
to $,0,> and polysulfides (HSxS") [134-136], which
serve as temporary reservoirs or signaling molecules.
S,0;*" primarily serves as an intermediate in H,S oxi-
dation, eventually converting to SO,*" and excreted in
the urine. Under specific conditions, it may also func-
tion as a reversible storage form of H,S. Moreover,
HSxS", a byproduct of H,S oxidation, can serve as a
temporary H,S reservoir and be cleared through renal,
pulmonary, or metabolic pathways [137-139]. This
mechanism not only buffers systemic H,S fluctuations
but also modulates vascular tone, especially relevant in
pregnancy, where H,S influences uteroplacental blood
flow, fetal lung development, and hypoxic adaptation
[93, 140-142].

H,S metabolism involves both irreversible degrada-
tion and reversible storage-release cycles, forming a
homeostatic buffering system. Under oxidative stress
or hypoxia, thiosulfate and HSxS™ may regenerate H,S,
contributing to vascular protection, redox signaling,
and metabolic adaptation. Importantly, dysregulated
H,S metabolism is implicated in diverse pathologies,
including mitochondrial dysfunction (such as ETHE1
deficiency leading to excessive H,S accumulation)
[129, 140], cardiovascular diseases (H,S metabolism
abnormalities contributing to hypertension and ath-
erosclerosis), and inflammatory disorders (both H,S
excess and deficiency affecting immune regulation)
[86, 143]. H,S metabolism may also be closely linked
to pregnancy-related complications, where elevated
Hcy may interfere with H,S production and contrib-
ute to PE, RSA, elevated uterine arterial resistance,
and fetal congenital anomalies [144-146]. Excessive
H,S may inhibit mitochondrial cytochrome c oxidase,
impairing energy metabolism [147]. While H,S exerts
diverse physiological effects across multiple organ
systems, this review centers on its roles in placental
development and pregnancy-related pathologies, with
systemic functions discussed only insofar as they con-
tribute to maternal-fetal health.
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The role of H,S in pregnancy-associated vascular
adaptation and placental function

Successful placental development depends on the intri-
cate interactions between fetal trophoblasts and the
maternal decidua, particularly the differentiation of tro-
phoblasts and remodeling of uterine vasculature. Dur-
ing early pregnancy, cytotrophoblasts (CTBs) give rise to
syncytiotrophoblasts (STBs) for nutrient exchange, and
EVTs, which invade the decidua and drive SAR [8, 148].
SAR is a critical process for uterine vascular adaptation
during pregnancy, whereby eEVTs invade the vascular
lumen, replace endothelial cells (ECs), and restructure the
vessel wall [9, 149]. Immune cells such as macrophages
and uterine natural killer (uNK) cells assist by releasing
matrix metalloproteinases (MMPs) and proangiogenic
signals [9]. In early gestation, EVT plugs transiently block
maternal red blood cell entry into the intervillous space.
Imaging studies, such as ultrafast functional photoacous-
tic microscopy, reveal that this hypoxic environment
supports vascular expansion and placental development
until maternal blood flow is fully established by 10-12
weeks [150-153]. Meanwhile, UAs and other branches
undergo structural adaptation, with UtBF increasing up
to 50-fold in late pregnancy [154, 155]. However, UA
hemodynamic abnormalities or inadequate SAR can lead
to restricted placental perfusion, contributing to preg-
nancy complications such as FGR [21, 156], PE [15, 157],
stillbirth, and RSA [12]. Gasotransmitters such as H,S,
NO, and CO are increasingly recognized as key regula-
tors of placental vascular adaptation. H,S, in particular,
promotes uterine and placental vasodilation, supports
trophoblast function, reduces oxidative stress, and mod-
ulates inflammation [158]. The following sections focus
on the molecular mechanisms by which H,S contributes
to vascular regulation, trophoblast function, UA dilation,
and oxidative stress/inflammation modulation, offering
insights into potential therapeutic targets for pregnancy-
related disorders.

The role of H,S in placental vascular regulation and
trophoblast function

Normal placental development relies on trophoblast pro-
liferation, migration, and invasion, which are essential
for successful embryo implantation and maternal-fetal
vascular remodeling. H,S is increasingly recognized as a
key modulator of these processes, not only by supporting
trophoblast function but also by regulating vascular tone
within the placental circulation. Mohammed et al. [159].
reported vessel-specific responses to H,S in human pla-
cental vasculature: while H,S did not induce vasodilation
in human umbilical arteries and instead triggered mild
contraction via inhibition of the NO/soluble guanylate
cyclase (sGC) signaling pathway, it caused vasorelaxation
in human umbilical veins through the activation of K,1p
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channels. These findings underscore the context- and
vessel-dependent nature of H,S action in shaping feto-
placental hemodynamics.

The role of H,S in embryo implantation

H,S facilitates embryo implantation by promoting endo-
metrial receptivity and embryo—epithelial adhesion. In
vitro, silencing CBS in JAR cells significantly impairs
embryo attachment to Ishikawa cells, indicating the
role of CBS-derived H,S in supporting adhesion via the
transsulfuration pathway [160]. In vivo, inhibition of H,S
synthesis reduces implantation site numbers, likely by
interfering with CFTR-mediated transepithelial anion
transport and altering the uterine microenvironment
[161]. These findings suggest that H,S contributes to the
establishment of implantation niches, thereby initiating
successful placental development.

H,S and placental angiogenesis

Placental angiogenesis is primarily regulated by local
signaling molecules rather than autonomic innervation.
H,S complements the roles of NO [5] and CO [162] by
promoting endothelial proliferation, migration, and tube
formation. CBS and CSE are highly expressed in placen-
tal endothelial and trophoblast cells, with CBS also found
in Hofbauer cells [158, 163—165]. Reduced expression of
these enzymes in preeclamptic placentas correlates with
impaired angiogenesis, diminished trophoblast inva-
sion, and SAR defects [158, 165]. Existing evidence sug-
gests that H,S critically modulates placental angiogenesis
(Fig. 3).

Mechanistically, H,S enhances VEGF expression by
stabilizing VEGF mRNA and downregulating microR-
NAs such as miR-200c, miR-20a, and miR-20b, which
suppress VEGF synthesis and release [57, 166]. Wang
et al. reported that H,S donors also upregulate PIGF
while suppressing antiangiogenic factors such as soluble
fms-like tyrosine kinase-1 (sFlt-1) and soluble endoglin
(sEng), thus favoring a proangiogenic environment [158].
Beyond VEGF signaling, H,S activates the PI3K/AKT1-
NOS3 and MAPK3/1 pathways, enhancing endothelial
NO production and angiogenic potential [167].

Beyond VEGF signaling, H,S promotes placental
angiogenesis via the AKT1-NOS3 and MAPK3/1 path-
ways. Exogenous H,S donors (e.g., NaHS) enhance pla-
cental EC proliferation, migration, and tube formation,
while trophoblast-derived H,S further facilitates endo-
thelial migration in a paracrine manner [49, 167-169].
Coculture studies show that HTR-8/SVneo cells drive
ovine fetoplacental artery ECs migration via CBS-derived
H,S, whereas BeWo cells exhibit a stronger promigra-
tory effect requiring both CBS and CSE. The coordi-
nated inhibition of CBS (with CHH) and CSE (with BCA)
abolishes H,S synthesis in BeWo cells, highlighting cell
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type-specific regulation. Primary villous trophoblasts,
coexpressing CBS and CTH, display the strongest abil-
ity to promote endothelial migration. Mechanistically,
H,S activates phosphorylation of AKT1, MAPK3/1,
and NOS3; NO production is specifically dependent on
the PI3K-AKT1 axis, as blocked by wortmannin, while
MAPK3/1 activation may further enhance endothelial
proliferation. These findings support a central role for
H,S in coordinating trophoblast—endothelial crosstalk
during placental vascular development.

H,S and placental vascular dysfunction in pregnancy
complications

Defective H,S signaling has been linked to impaired
placental perfusion and vascular maladaptation in dis-
orders such as PE and intrauterine growth restriction
(IUGR). H,S donors (e.g., NaHS) promote vasodilation
in placental vessels through mechanisms partially depen-
dent on K,rp channels and NO, indicating synergistic
crosstalk between gasotransmitters [64]. In PE placen-
tas with abnormal umbilical artery flow, CSE expression
and H,S production are significantly reduced, which may
contribute to increased vascular resistance and tropho-
blast—endothelial dysfunction [163, 170]. Additionally,
microRNA-21 downregulates CSE and its transcription
factor SP1, reducing H,S biosynthesis while promoting
SMC proliferation, thereby exacerbating vascular stiff-
ness [171]. Cindrova-Davies et al. reported that loss of
CBS function in animal models results in defective decid-
ualization and implantation failure, further emphasizing
the importance of H,S at the maternal—fetal interface [83,
172]. Through its effects on immune modulation, oxida-
tive stress attenuation, and trophoblast invasiveness, H,S
supports both structural and functional adaptation of the
uteroplacental vasculature.

H,S promotes trophoblast invasion by regulating
mitochondrial dynamics

The migration and invasion of CTBs are critical biologi-
cal processes for SAR [173] and normal placental devel-
opment [173, 174]. Studies suggest that mitochondrial
dynamics—particularly the balance between mitochon-
drial fusion and fission—are pivotal in maintaining CTB
motility, with their disruption linked to impaired inva-
sion and vascular remodeling [175, 176]. In the human
trophoblast cell line HTR-8/SVneo, inhibition of endog-
enous CBS impairs CTB invasion and migration, while
the exogenous H,S donor GYY4137 enhances CBS/H,S
mitochondrial translocation, preserves mitochondrial
function, and promotes CTB motility [177]. Similar pro-
invasive effects of H,S have been observed in CBS*/~
mouse models, where it prevents early pregnancy loss
and enhances CTB migration in vitro [24]. Mechanisti-
cally, H,S mediates its effects through the persulfidation
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Fig. 3 Multiple Mechanisms of H,S in Regulating Placental Angiogenesis. H,S modulates placental vascular function and trophoblast invasion through
multiple pathways, facilitating adaptive adjustments in placental blood flow. In early pregnancy, CBS-mediated H,S production increases, which down-
regulates sFlt-1 and sEng expression, thereby enhancing PIGF levels and promoting trophoblast invasion, facilitating placental implantation and early
development. In late pregnancy, H,S regulates VEGF release by inhibiting miR-200c targeting VEGF mRNA and suppressing miR-20a and miR-20b target-
ing VEGF protein. This process enhances VEGF release, promotes placental vascular dilation, and optimizes placental blood flow supply. Overexpression
of miR-21 inhibits CSE and SP1 transcription factors, reducing placental H,S production. Additionally, miR-21 promotes the proliferation of VSMCs while
inhibiting their differentiation, thereby affecting placental vascular function. H,S primarily enhances NOS3 phosphorylation through the AKT1-NOS3 sig-
naling pathway, which promotes NO production, leading to vasodilation and improved blood perfusion. The PI3K-specific inhibitor Wortmannin blocks
NOS3 phosphorylation, whereas the MAPK3/1-specific inhibitor U0126 does not affect NOS3 activity. Moreover, H,S activates the MAPK3/1 signaling
pathway, enhancing placental endothelial cell proliferation and migration, further promoting placental angiogenesis. The H,S donor NaHS significantly
enhances these effects. Notes: sFlt-1: Soluble fms-like tyrosine kinase-1; sEng: Soluble endoglin; PIGF: Placental growth factor; VEGF: Vascular Endothelial
Growth Factor; PE: Preeclampsia; SP1: Specificity Protein 1; NO: Nitric Oxide; miR-21: miRNA-21; VSMCs: Vascular Smooth Muscle Cells; AKT1: AKT Serine/
Threonine Kinase 1; NOS3: Nitric Oxide Synthase 3; MAPK3/1: Mitogen-Activated Protein Kinase 3/1
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of mitochondrial Rho GTPase 2 (Miro2) at cysteine resi-
dues C185 and C504, which is essential for maintaining
mitochondrial morphology and CTB invasion capacity
[177]. Mutation of these sites or knockdown of Miro2
leads to mitochondrial fragmentation and impaired tro-
phoblast migration, and notably, GYY4137 fails to rescue
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mitochondrial dysfunction in Miro2 mutants, confirming
the critical role of Miro2 persulfidation in H,S signaling.
These findings suggest that CTB invasion is modulated
by low concentrations of H,S, with CBS/H,S maintain-
ing mitochondrial function through Miro2C185/C504
persulfidation, thereby increasing the CTB migration
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capacity. Previous research has identified mitochondrial
fission regulator 1-like protein (MTFRIL) in HTR-8/
SVneo cells as a protein with two distinct H,S-mediated
persulfidation sites [76]. In addition to Miro2, MTFRIL
has also been identified as a downstream target of H,S.
MTERIL is expressed in HTR-8/SVneo cells and plays a
key role in mitochondrial structure maintenance [178].
Under CBS/H,S signaling, MTFRIL undergoes persul-
fidation at cysteine residues C222 and C230, enhancing
mitochondrial integrity and promoting CTB function.
Mutation at either site disrupts mitochondrial network
formation and reduces CTB invasion capacity, under-
scoring the functional importance of MTFR1L modifi-
cation. Importantly, reduced MTFR1L expression and
persulfidation levels have been observed in models of
great obstetric syndrome models, such as PE and IUGR
[178]. Restoration of MTFRIL levels by GYY4137 in
hypoxic mouse placentas further confirms the protective
role of H,S in maintaining mitochondrial dynamics and
trophoblast invasiveness. Together, these findings under-
score the importance of the H,S-CBS-mitochondria axis
in CTB invasion and pregnancy-related disorders (Fig. 4),
offering new insights for IUGR and PE intervention
strategies.

Chu et al. [179] further supported these findings by
demonstrating that the downregulation of CBS and
CSE—but not 3-MST—may account for the reduced
free H,S production and diminished cellular H,S lev-
els observed in pre-eclamptic placentas. Their data also
suggest that 3-MST expression in trophoblasts may be
developmentally regulated across gestation. This decline
in H,S biosynthesis may exacerbate trophoblast dysfunc-
tion by promoting vasoconstriction, oxidative stress, and
inflammatory responses—hallmarks of pre-eclampsia.
Consistently, Du et al. showed [180] that H,S supple-
mentation alleviated PE symptoms in vivo by suppressing
Toll-like receptor 4 (TLR4)-mediated neuroinflammation
in the rostral ventrolateral medulla.

H,S regulates UA vasodilation and perfusion to support
placental development

Adequate uterine perfusion is a prerequisite for proper
placental development and fetal growth. During preg-
nancy, the maternal cardiovascular system undergoes
significant adaptive changes, including increased blood
volume and cardiac output, systemic vasodilation, and
decreased vascular resistance, whereas blood pressure
remains stable or only slightly decreases [154, 155, 181].
These physiological changes prioritize blood flow to the
uterus, significantly increasing perfusion at the mater-
nal-fetal interface to meet the metabolic demands of
rapid placental and fetal growth. In nonpregnant sheep,
reproductive organs receive only 1%-2% of cardiac out-
put, whereas in late pregnancy, this proportion increases
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to 15%-20%, with over 95% of the flow directed to the
uteroplacental vasculature, increasing UtBF from 10 mL/
min in nonpregnant sheep to 500-800 mL/min in preg-
nancy [154]. This substantial increase in UtBF is crucial
for maternal—fetal gas exchange (O,/CO,) and placental—-
fetal growth, making UtBF a direct determinant of preg-
nancy outcomes. In recent years, H,S has emerged as a
novel vasodilator, gaining increasing attention for its role
in regulating UtBF during pregnancy [182-184]. Stud-
ies indicate that H,S influences UAs by modulating CSE/
CBS-mediated H,S production, promoting UA relax-
ation, regulating potassium ion channels (particularly
BKc, channels) through S-sulfthydration, and interacting
with NO and CO to maintain vascular homeostasis. The
following sections will explore the molecular mecha-
nisms underlying H,S regulation of UA blood flow and its
interactions with NO and CO (Fig. 5).

Molecular mechanisms of H,S-mediated UA relaxation

H,S acts as a potent vasodilator and proangiogenic fac-
tor, primarily synthesized in UAs via CSE and, under
pregnancy or estrogen stimulation, via upregulated CBS
expression [58, 70, 71, 84, 184]. In pregnant human UA
endothelial cells (P-hUAECs), VEGF selectively enhances
CBS-mediated H,S production, independent of CSE, a
process further amplified during pregnancy [58]. This
indicates a shift toward CBS dominance in pregnancy-
specific vascular adaptation. Distinct from NO and CO,
H,S induces endothelium-independent relaxation of vas-
cular smooth muscle cells (VSMCs) by activating K,1p
channels, while also enhancing NO signaling through
endothelial nitric oxide synthase (eNOS) activation [64,
185]. This dual mechanism allows H,S to compensate
for impaired endothelial function and maintain UA tone
during gestation.

Functional assays support this role of H,S donors, such
as GYY4137 and NaHS, induce dose-dependent relax-
ation in UAs of both rodents and humans, with stron-
ger responses observed during pregnancy [54, 71, 186].
Notably, this vasodilatory effect is vascular bed specific,
with UAs demonstrating higher sensitivity to H,S than
in mesenteric arteries [71, 186], suggesting a specialized
regulatory role of H,S in uteroplacental hemodynamics.

S-sulfhydration and potassium ion channels in H,S-mediated
UA relaxation

S-sulfhydration, a key posttranslational modification by
H,S, enhances protein reactivity by converting Cys-SH
groups to -SSH [187, 188]. Bai et al. reported that the
levels of S-sulfhydrated proteins in UAs from pregnant
women were significantly greater than those in nonpreg-
nant sheep women [51]. Additionally, Yadav et al. demon-
strated that dithiothreitol, a thiol-reducing agent, inhibits
NaHS-induced UA relaxation in rats, further supporting
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Fig. 4 H,S Promotes Trophoblast Invasion by Regulating Mitochondrial Dynamics. In normal pregnancy, H,S promotes the persulfidation of MTFRIL,
maintaining its stable expression and ensuring mitochondrial quantity, morphology, and function, including adequate ATP production, low ROS levels,
and a high Aym. These factors are crucial for trophoblast invasion and migration. The H,S donor GYY4137 further enhances this regulatory effect, sup-
porting normal placental function. Low-dose H,S can stimulate CBS translocation to mitochondria, inhibit its degradation, and promote CBS aggregation
on mitochondria, enabling Cys to be catalyzed into H,S within mitochondria. Mitochondrial CBS/H,S subsequently sulfhydrates Miro2-C185, promoting
mitochondrial dynamics, thereby enhancing trophoblast invasion and migration. Notes: MTFR1L: Mitochondrial Fission Regulator 1-Like; ROS: Reactive

Oxygen Species; Apm: Mitochondrial membrane potential; Cys: L-cysteine

the essential role of S-sulfhydration in H,S-mediated
vasodilation [186]. Notably, disrupted S-sulfhydration is
associated with pregnancy complications such as PE [52,
158, 189-191].

Among the downstream targets, K,rp channels are crit-
ical mediators of H,S-induced vasorelaxation. Although
systemic arteries often rely on K,p channels activated
via S-sulfhydration of the Kir6.1 pore subunit (Cys43)
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and the ATP-binding cassette protein SUR2B subunit
(Cys24, Cys2455) [52, 192], their role in UAs is limited
[54]. Nevertheless, Bai et al. detected significantly higher
S-sulfhydration levels of Kir6.1 and SUR2B in UAs from
pregnant women compared to nonpregnant women [51],
suggesting that S-sulfhydration may contribute to K,p
channel regulation during pregnancy, although its exact
role in H,S-mediated UA relaxation requires further
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Fig.5 H,S-Mediated UA Vasodilation. Pregnancy enhances VEGF-induced signaling, selectively upregulating CBS without affecting cystathionine y-lyase
CSE. This promotes CBS-mediated H,S production, which in turn enhances S-sulfhydration of L-cysteine residues, leading to BK_Ca channel activation
and subsequent vascular relaxation, thereby increasing uterine arterial blood flow. Additionally, H,S facilitates eNOS phosphorylation, augmenting NO
production, which further amplifies NO-dependent vasodilation, contributing to improved uteroplacental circulation. Notably, CBS inhibition CHH com-
pletely blocks VEGF-induced H,S production, whereas CSE inhibition BCA has no significant effect, confirming CBS as the primary source of H,S in this
process. Notes: CHH: O-(carboxymethyl)hydroxylamine hemihydrochloride; BCA: b-Cyano-L-alanine; eNOS: Endothelial Nitric Oxide Synthase

investigation. Bai et al. also identified the BK, channel
a-subunit as a novel S-sulfhydration target, with Cys710
undergoing S-sulfhydration [51], consistent with its
essential role in H,S-induced relaxation [54, 186]. Inhibi-
tors of BK-,—but not K,rp or voltage-gated K* chan-
nels—abolish H,S-induced vasodilation in both rats and
humans [54, 186], and patch-clamp data confirm selec-
tive BK, activation by H,S [54, 186].

In addition to potassium channels, L-type Ca* chan-
nels are also abundantly expressed in uteroplacental
smooth muscle and play a central role in regulating vas-
cular tone, particularly under hypoxic conditions [193,
194]. Tropea et al. reported [195] that L-type Ca** chan-
nels and extracellular signal regulated kinase (ERK1/2)
signaling contribute to G1l-mediated vasorelaxation in
UAs. Moreover, Corcoran et al. [196] demonstrated that
pre-incubation with the L-type Ca* channel agonist Bay
K8644 enhances estrogen-induced vasodilation in pla-
cental arteries. While the direct interaction between H,S
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and L-type Ca* channels in uteroplacental vessels has
not been fully elucidated, Munaron et al. showed [197]
that H,S interferes with calcium homeostasis in neurons,
cardiomyocytes, and ECs through modulation of Ca*
channels, suggesting a potential cross-talk mechanism
worth further investigation.

Collectively, these findings highlight a pregnancy-spe-
cific mechanism in which H,S promotes uterine vasodi-
lation predominantly through S-sulfhydration and BKc,
channel activation, underscoring its potential as a thera-
peutic target in pregnancy-related vascular disorders.

Interactions of H,S, NO, and CO in UA regulation

The interactions among NO, CO, and H,S add com-
plexity to gaseous signaling in the vascular system, par-
ticularly in the uterine vasculature. Studies indicate that
these three gaseous molecules are synthesized in UA
ECs and/or VSMCs, where they independently or syn-
ergistically regulate vascular tone and homeostasis [64,
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198]. During pregnancy, their interplay contributes to
the dynamic vascular adaptations required for adequate
placental perfusion. H,S and NO often exhibit coopera-
tive effects on vasodilation and angiogenesis. H,S can
enhance NO signaling by upregulating eNOS phosphory-
lation and NO production [49, 168], and its vasodilatory
effect is partially inhibited by NOS blockade, suggesting
upstream modulation of the NO pathway [64]. However,
their interaction is not always synergistic. Some studies
have shown that NaHS treatment attenuates the vasodi-
lation induced by NO donors (SNP, SIN-1, and SNAP)
[199], suggesting that H,S and NO may form prod-
ucts lacking vasodilatory properties. For example, NO/
H,S interactions can generate SSNO~, a molecule with
prolonged activity [200]. In rat uterine studies, GSNO
(an NO donor) had a weaker relaxant effect on uterine
smooth muscle contraction than H,S did, whereas the
combination of H,S and GSNO reduced vasodilation,
even at a 1:10 ratio [201].

The interaction between H,S and CO is less under-
stood. H,S may enhance CO production via heme oxy-
genase-1 (HO-1) upregulation under hypoxic conditions,
indicating possible synergy in pulmonary vascular regu-
lation [202]. Yet, suggesting that H,S and CO may act
synergistically in pulmonary arterial SMCs to regulate
vascular tone. In contrast, in vitro studies on aortic SMCs
indicate that H,S and CO may have antagonistic effects.
Inhibition of HO-1 (a CO-producing enzyme) reduces
CSE expression and H,S production, whereas CSE inhi-
bition increases HO-1 expression and CO production.
However, exogenous NaHS (100 pM) decreases HO-1
expression [203]. Moreover, CO can either stimulate or
inhibit sGC depending on NO levels, futher complicating
the gasotransmitter crosstalk [204]. The complex inter-
play among NO, CO, and H,S in the vascular system,
particularly in the uterine circulation, requires further
investigation to determine their precise physiological sig-
nificance in pregnancy-related vascular adaptation and
placental perfusion regulation.

The role of H,S in maternal-fetal immune tolerance and
oxidative stress regulation

The establishment of maternal-fetal immune toler-
ance is essential for a successful pregnancy and relies on
the coordination between trophoblasts, decidual stro-
mal cells, and maternal immune cells [205, 206]. A shift
from a T-helper 1 (Thl)- to T-helper 2 (Th2) -dominant
immune response is required to promote fetal toler-
ance [207]. H,S, H,S, mainly synthesized by CBS at the
maternal—fetal interface, regulates immune homeostasis
by modulating inflammatory signaling and immune cell
function. H,S inhibits the TLR4/nuclear factor-kappa B
(NF-xB) pathway, reducing proinflammatory cytokines
such as IL-1B, IL-6, and TNF-a [208-214]. Wang et al.
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[24] revealed that the expression of NF-kB-related genes
in HTR8/SVneo cells is affected by changes in CBS lev-
els. Additionally, H,S promotes regulatory T cell (Treg)
differentiation and maintains uNK cell populations, both
essential for decidualization and SAR [172, 215].

Beyond immune regulation, H,S also protects against
oxidative stress and ischemia-reperfusion injury by acti-
vating pro-survival pathways, such as AKT, PKC, and
ERK1/2 pathway [216, 217], enhancing eNOS-medi-
ated NO production [217] and promoting antiapoptotic
genes expression via NF-kB [218]. H,S exerts antioxidant
effects by directly scavenging reactive oxygen species and
activating the nuclear factor erythroid 2-related factor 2
pathway, which upregulates antioxidant enzymes such
as HO-1 and glutathione peroxidase [219-221]. It also
supports endoplasmic reticulum stress adaptation by
enhancing GSH synthesis via the transsulfuration path-
way [222]. In the placenta, hypoxia/reoxygenation (H/R)
stress impairs trophoblast viability, migration and inva-
sion [223]. H,S donors have shown protective effects
against H/R injury in the heart [224], kidneys [225], and
neurons [226], suggesting a potential role for H,S in
restoring trophoblast function and mitigating and preg-
nancy-related complications.

Regulation of H,S synthesis and function by
Estrogen

H,S plays a crucial role in regulating UtBF, promoting
SAR, and maintaining placental oxidative homeosta-
sis during pregnancy. Its biosynthesis and signaling are
modulated by various factors, among which estrogen is
a key hormonal regulator. Studies have shown that H,S
production in UA endothelium and smooth muscle is
positively correlated with endogenous estrogen levels
[71]. Moreover, CBS mRNA/protein expression and H,S
production in the endometrium increase significantly
during the proliferative phase and pregnancy, correlating
positively with estrogen-driven angiogenesis. These find-
ings underscore the importance of estrogen in orches-
trating H,S-mediated vascular and placental adaptations,
offering insights into pregnancy physiology and potential
targets for related complications.

Types of estrogens and their dynamic changes during
pregnancy

Estrogens are steroid hormones produced primarily by
the ovaries, placenta, with dynamic shifts during preg-
nancy. In early pregnancy, the corpus luteum remains
the primary source of estrogen, but by weeks 9-10, the
placenta becomes the primary source via STB, relying
on androgen precursors from maternal and fetal adrenal
glands [227, 228]. Due to the absence of 17a-hydroxylase-
17,20-lyase in the placenta, estrogens are synthesized
through peripheral precursor aromatization [229, 230]. :
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estrone (E1), estradiol (E2), estriol (E3) and estetrol (E4).
E1 is mainly derived from ovaries and adipose tissue, bio-
logically weak. E2 is the most biologically active estrogen,
initially from the ovaries, later predominantly placental
[231, 232]. E3 is predominantly secreted by the placenta,
with over 90% released into the maternal circulation by
STBs in humans due to their haemochorial [233, 234]. E4
is synthesized mainly by the fetal liver, unique to humans
and higher primates [235, 236].

During pregnancy, estrogen levels exhibit significant
dynamic changes, particularly E2, which may reach con-
centrations up to 1,000 times than in the nonpregnant
state [230, 237, 238]. These elevations accompany sys-
temic vascular changes, including decreased resistance,
increased cardiac output and blood volume, and a sig-
nificant redistribution of blood flow to the uterus and
placenta (15-20% of cardiac output) [3, 154, 239]. This
estrogen-driven hemodynamic remodeling provides a
favorable environment for H,S biosynthesis and vascular
actions.

The complex role of Estrogen in the hemodynamic
regulation of UtBF
A critical function of estrogen during pregnancy is to
increase UtBF and support placental perfusion [240].
UtBF exhibits a cyclical increase [3, 154, 239], peaking in
mid- and late pregnancy, coinciding with placental for-
mation and rapid fetal growth [3]. Moreover, circulating
and/or local estrogen levels increase synchronously as
UtBF peaks [241-243]. As early as 1932, Markee reported
that estrogen induced hyperemia in uterine tissue trans-
planted into the eyes of monkeys [244], and later, Rosen-
feld and Magness confirmed estrogen’s profound impact
on reproductive tract vasculature using ovariectomized
(OVX) nonpregnant and pregnant ewe models [245, 246].
Estrogen acts on UA endothelial and SMCs via estro-
gen receptors (ERs) to regulate vascular tone [247-250].
This approach allows E, to influence vascular function
via genomic and nongenomic mechanisms. In genomic
mechanisms (ERa/ERP), E, activates NOS through ERs,
promoting NO synthesis [251, 252] and inducing vasodi-
lation [196, 253, 254]. Nongenomic mechanisms effects
via G protein-coupled estrogen receptor (GPER) may
enhance H,S production in UAECs and UASMCs [71,
184], contributing to smooth muscle relaxation through
BKc, channels activation, mimicking NO effects.
Although NO is a major mediator of estrogen-induced
vasodilation, studies show that NO inhibition accounts
for only part of the effect (~79% of UtBF increase; ~26%
of basal UA dilation), implying the existence of addi-
tional mediators, notably H,S [47, 251]. Estrogen also
regulates UtBF via NO-independent pathways, including
direct actions on UA SMCs to reduce myogenic tone and
enhance BK,-mediated relaxation [255-258], involving
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signaling pathways such as ERK1/2, PKC signaling [259],
and cyclic guanosine monophosphate (cGMP) [251, 259—
261]. Other vasodilators (prostaglandin 12 [262], CO [48],
and EDHR [263]) may act synergistically with H,S and
NO.

Beyond vasodilation, estrogen exerts trophic effects at
the maternal-fetal interface [264]. E, acts on STBs, CTBs,
and invasive EVTs via ERs, promoting EVT invasion, reg-
ulating trophoblast survival, differentiation, and prolifer-
ation, and facilitating SAR to enhance placental perfusion
[265—267]. Estrogen also maintains placental microenvi-
ronment homeostasis by modulating ECM remodeling
and migration [268]. Overall, estrogen increases UtBF
through multiple pathways, including both NO-depen-
dent and NO-independent mechanisms. The identifica-
tion of H,S as a novel regulatory mediator downstream
of estrogen highlights its emerging role in maintaining
uteroplacental hemodynamics and points to new thera-
peutic targets for pregnancy-related vascular disorders.

Mechanisms of estrogen-mediated regulation of H,S
production

H,S is synthesized primarily by CBS, CSE, and 3-MST.
Estrogen regulates the expression and activity of these
enzymes through both genomic and nongenomic mecha-
nisms, thereby increasing H,S production (Fig. 6).

ER receptor-mediated transcriptional regulation of CBS
Estrogen receptors ERa and ERP display tissue-specific
expression patterns. ERa is predominantly expressed in
the pituitary, kidneys, and reproductive tissues, while
ERp is more widely distributed, particularly in reproduc-
tive organs and the brain [269]. In the utetus and ovaries,
both ERa and ERP are highly expressed, reflecting the
female reproductive system as a primary target of estro-
gen signaling [270, 271]. UAs, comprising ECs and SMCs,
express ERa, ERB, and GPER [249, 272, 273].

Estrogen selectively upregulates CBS, not CSE, to
increase H,S production. In OVX nonpregnant ewes,
estrogen replacement increases CBS mRNA/protein
expression and H,S levelswithout affecting CSE [184].
During the follicular phase, proliferative phase, and
pregnancy, increased endogenous estrogen levels paral-
lels elevated CBS expression and H,S synthesis, whereas
CSE and 3-MST remain unchanged [71]. In vitro stud-
ies in sheep and human UAECs and UASMCs confirme
that E, induces CBS mRNA/protein expression [78, 274,
275]. Although CSE is induced by E, in sheep UAECs,
this effect is absent in human UAECs [275]. Regardless,
both exogenous and endogenous estrogen consistently
promote H,S production via CBS. In human primary
UAECs, E, upregulates CBS and H,S more robustly in
cells derived from pregnant than nonpregnant individu-
als [275]. CBS is a classical estrogen-responsive gene,
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Fig. 6 Estrogen-Regulated H,S Pathways in Uterine Vasodilation. H,S mediates estrogen (E,f)-induced uterine vasodilation through genomic and non-
genomic mechanisms. Genomic Pathway: E,3 crosses the cell membrane and binds to ERa and ER@, which function as nuclear TFs. Upon binding to EREs,
these receptors promote CBS gene transcription. The human CBS promoter contains multiple ERE sites, including aERE (ERa binding site), three 3EREs
(ERB binding sites), a full a/BERE, and a half a/BERE (2a/BERE). Among these, a/BERE2 and »a/BERET are crucial for basal CBS expression and E,-induced
CBS promoter activation. ERa and ERB can form homodimers (ERa/ERa or ERB/ERR) or heterodimers (ERa/ER), regulating H,S production.Non-Genomic
Pathway: E,[ binding to membrane-associated ERa and ERP directly activates Gai-2/3, which subsequently stimulates pGC-A, catalyzing GTP conversion
to cGMP. cGMP then activates cGMP-dependent PKG-I, which phosphorylates CSE, enhancing H,S production. The generated H,S diffuses into SMCs,
promoting vasodilation via K-ATP or BK-Ca channels, thereby increasing uterine arterial blood flow. Notes: EC: endothelial cell; SMC: smooth muscle cell;

TFs: transcription factors; EREs: estrogen response elements; pGC-A: particulate guanylate cyclase A; PKG-I: protein kinase |

the transcription of which is regulated by estrogen
genomic signaling. The ER antagonist ICI 182, 780 blocks
E,-induced CBS promoter activity, confirming transcrip-
tional regulation via ERs [78, 274].

ERa and ERP act as nuclear transcription factors (TFs)
binding to estrogen response elements (EREs) within the
CBS promoter [248], which includes one «ERE (bind-
ing ERa), three BEREs (binding ERp), one full o/BERE,
and one half o/BERE (%a/BERE). of these, o/BERE2
and %o/BERE1 are essential for both basal CBS expres-
sion and E,-stimulated CBS promoter activation [274].
UAECs and UASMCs express both ERa and ERp, which
can form homodimers (ERa/ERa or ERB/ERP) or het-
erodimers (ERa/ERP) [78]. This effect is blocked by ERa
antagonist (MPP) or ERp antagonist (PHTPP) [275],
while ERa-selective agonist (PPT) and ERB-selective ago-
nist (DPN) mimic E, action, suggesting equal regulatory
potential [275]. while the CSE promoter also contains
EREs, it is not transcriptionally responsive to estrogen,
reinforcing CBS’s unique sensitivity to estrogenic regu-
lation in the uterine vasculature. Additionally, the CBS
promoter contains Spl and YY1 binding sites, and VEGF
enhances CBS transcription through these TFs, promot-
ing H,S production [276]. ERa and ERp can also interact
with Spl [277], suggesting that future research should
explore ER-associated TFs involved in estrogen-induced
CBS transcription and H,S production.

Estrogen promotes H,S production via nongenomic signaling
Beyond transcriptional control, estrogen rapidly promote
H,S production through nongenomic signaling pathways.
Estrogen binding to membrane ERs (primarily ERa/ERp)
activates Gai-2/3 proteins, which in turn stimulate par-
ticulate guanylate cyclase A (pGC-A), converting GTP to
cGMP. cGMP activates protein kinase G (PKG-I), which
phosphorylates CSE, boosting enzymatic activity and H,S
synthesis [278]. The generated H,S diffuses into SMCs,
promoting vasodilation. This pathway is functionally
critical, as silencing of CSE or pGC-A impairs E,-induced
vasodilation in mouse aortic experiments [278]. PKG
directly phosphorylates CBS (at Ser227), further increas-
ing its catalytic function [279]. While GPER contributes
to uterine vasoregulation, its direct role in nongenomic
H,S production remains uncertain. GPER may indi-
rectly influence H,S via PI3K/Akt-eNOS-NO signaling
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cascades [280], warranting further investigation. Overall,
E, enhances H,S production by rapidly phosphorylating
CSE through the ER-Gai-2/3—-cGMP-PKG-I pathway,
whereas the direct involvement of GPER remains incon-
clusive. However, further studies are needed to elucidate
whether GPER influences H,S production through alter-
native signaling pathways.

The potential role of H,S and its donors in
pregnancy-related disorders

As an essential gasotransmitter, H,S freely permeates cell
membranes without requiring specific transport proteins,
thereby rapidly activating biological signaling [281, 282].
The rational design and delivery of H,S donors are crucial
for mimicking endogenous H,S function and optimiz-
ing pharmacological effects. To date, a wide range of H,S
donors have been developed, including inorganic salts
[283-285], organic compounds [286—288], slow-releas-
ing systems [289, 290], fluorescently labeled probes [291],
and polymer-based smart delivery platforms [292, 293].
These formulations aim to optimize H,S release kinetics,
enhance tissue targeting, and improve biocompatibility
[294]. Additionally, several emerging H,S donors, such
as thiol-activated donors, metal complex-based donors,
sulfur-containing amino acid derivatives, and persulfide-
based donors, are being explored [295]. Despite promis-
ing in vitro and in vivo data, most H,S donors still lack
comprehensive pharmacokinetic and toxicological profil-
ing, and their clinical translation remains limited.

Research and applications of H,S donors in pregnancy
complications

H,S has been increasingly recognized as a critical regu-
lator of pregnancy physiology, exerting vasodilatory,
anti-inflammatory responses, antioxidation, and cyto-
protection. However, the direct clinical application of
gaseous H,S is constrained by its volatility, toxicity, and
challenges in dose control. To overcome these limita-
tions, various H,S-releasing compounds have been devel-
oped to enable controlled, sustained delivery of H,S.
These donors offer a promising strategy for restoring H,S
homeostasis in pregnancy-related disorders, particularly
PE, FGR, and placental dysfunction. Table 1 summarizes
the major types of H,S donors and their potential appli-
cations in obstetric complications.
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PE

PE is a major hypertensive disorder of pregnancy, affect-
ing 4-7% of pregnancies worldwide and contributing to
significant maternal and perinatal morbidity and mortal-
ity worldwide [296]. Despite extensive research, effective
preventive and treatment remain limited. Placental isch-
emia and maternal endothelial dysfunction are key path-
ological features of PE [297, 298].

Recent studies have demonstrated that placental H,S
synthesis is impaired in PE, characterized by reduced
expression of CBS and CSE, leading to decreased H,S
production and lower maternal plasma H,S levels [158,
163, 164, 177]. This deficiency is associated with a proan-
tiangiogenic environment and endothelial dysfunction in
PE [49, 299]. Feng et al. [177] reported that CBS-derived
H,S maintains mitochondrial function via Miro2C185/
C504 persulfidation, which is essential for CTB invasion,
migration, and SAR. Wang et al. reported that the inhibi-
tion of CSE with DL-propargylglycine reduces placental
PIGF expression and suppresses trophoblast invasion,
whereas in human umbilical vein ECs, adenovirus-medi-
ated CSE overexpression inhibits the release of sFlt-1 and
sEng, suggesting that CSE/H,S dysregulation may con-
tribute to abnormal placental angiogenesis [158]. Addi-
tionally, Bai et al. reported that circulating sFlt-1 levels
are significantly elevated in PE mice and that sFlt-1 sup-
presses VEGF-induced CBS expression, reducing H,S
synthesis [276].

Given the central role of H,S deficiency in PE patho-
genesis, exogenous H,S supplementation has emerged
as a potential therapeutic strategy. Wang et al. [158]
reported that in CSE-inhibited PE mouse models, the
slow-releasing H,S donor GYY4137 reduced circulating
sFIt-1/sEng levels and reversed PE-like symptoms. Simi-
larly, Yadav et al. [300] showed that in sFlt-1-overexpress-
ing rats, GYY4137 lowered blood pressure, improved UA
blood flow, and upregulated eNOS and NO levels, partly
by inhibiting adrenergic vasoconstriction. Other donors,
such as MZe786 (a novel H,S-releasing aspirin deriva-
tive), ameliorated hypertension and kidney injury in PE
mice under high sFlt-1 conditions while enhancing pla-
cental antioxidant capacity [301]. Additionally, Du et al.
[180] has also shown efficacy in reducing neuroinflam-
mation via suppression of microglial activation in the
rostral ventrolateral medulla, potentially regulating sym-
pathetic overactivity in PE.

In vitro and ex vivo studies further support these find-
ings. NaHS induced dose-dependent vasodilation in
human placental villous vessels, mediated primarily via
Kurp channels [163]. In HTR-8/SVneo trophoblast cells
under oxidative stress, NaHS restored mitochondrial
function, inhibited apoptosis, and enhanced invasion by
modulating Drpl-mediated fission and the B-cell lym-
phoma-2/Bax-caspase-3 axis [302]. GYY4137 preserved
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mitochondrial integrity through CBS-mediated persul-
fidation of Miro2 and MTFRI1L, promoting trophoblast
motility and SAR in hypoxia-induced models [177, 178].

Moreover, H,S donors may regulate necroptosis and
cytoskeletal dynamics in trophoblasts. Zhang et al. [303]
reported that caspase-8/3 expression was downregulated
in PE placental tissue, whereas the necroptosis-related
proteins receptor-interacting serine/threonine-kinase-
land receptor-interacting serine/threonine-kinase-3
were significantly upregulated. Further studies con-
firmed that NaHS reduced ceramide-induced tropho-
blast necroptosis by regulating the p38 MAPK signaling
pathway, thus exerting protective effects. To investigate
trophoblast migration, Gupta et al. [18] found that in
PE placentas, the expression levels of H,S-producing
enzymes (CSE and CBS) were reduced, whereas the Rho
family of small GTPases (Racl and RhoA) was downreg-
ulated. In addition, H,S may restore the balance of MMPs
and their inhibitors disrupted in PE, partly through miR-
30b/CSE signaling [304].

Despite these promising results, several challenges
remain. Most current studies rely on HTR-8/SVneo cell
lines and animal models that may not fully reflect the
complexity of human PE. The pharmacokinetics, safety
profile, and optimal dosing of H,S donors during preg-
nancy also require further investigation. Future work
should focus on developing stable, targeted, and bio-
compatible H,S-releasing platforms, along with rigorous
preclinical and clinical evaluations to explore their trans-
lational potential in PE therapy.

Gestational diabetes mellitus (GDM)

The role of H,S in metabolic regulation has gained
increasing attention. Endogenously produced by pan-
creatic B-cells, liver, adipose tissue, skeletal muscle, and
the hypothalamus, H,S participates in maintaining glu-
cose homeostasis by regulating both local and systemic
glucose metabolism [305]. It can inhibit insulin secretion
and modulate [3-cell apoptosis, with its effects depending
on the metabolic microenvironment [306—310]. Clinical
studies have shown decreased plasma H.,S levels in dia-
betic patients, suggesting its involvement in maintain-
ing insulin sensitivity and -cell function [311-313]. For
instance, Okamoto et al. [314] found that CSE-derived
H,S protects B-cells against glucotoxicity by regulating
TBP-2 (Txnip), while in CSE-deficient mice on a high-
fat diet (HFD), H,S donor NaHS reduced (-cell DNA
fragmentation and TBP-2 expression. Similarly, reduced
plasma H,S levels and CSE expression were associated
with insulin resistance (IR) severity in HFD-fed rats [315].
Beyond direct pancreatic effects, H,S also modulates the
gut-insulin axis. Pichette et al. [316] reported that NaHS
and GYY4137 stimulated glucagon-like peptide-1 (GLP-
1) secretion in mouse L-cells (GLUTag cell line) via the
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Disease type, H,S Mechanism of action Key effects & findings Country  Reference
donor, Chemical type
Research model
PE
NaHS
Inorganic salt (fast-releas-
ing donor)
Human placental tissue  Activates K,;p channels Dose-dependent vasodilation of placental villous stro- UK [163]
mal vessels, reducing perfusion pressure and vascular
resistance
Rat PE model Inhibits microglia-mediated inflammation  Alleviates PE and LPS-induced neuroinflammation and China [180]
in RVLM sympathetic overactivation
HUVECs Reduces sFlt-1 and sEng levels Reverses anti-angiogenic effects in PE, restores tubular  USA [158]
formation capacity of HUVECs
HTR-8/SVneo Upregulates Bcl-2 and reduces PRAP, Inhibits apoptosis, improving trophoblast survival China [302]
stabilizing mitochondrial membrane
potential
Activates Rho GTPase-mediated cytoskel-  Restores trophoblast migration after hypoxia/reoxy- India [18]
etal remodeling genation injury in PE
Modulates the MMP/TIMP axis Restores MMP/TIMP balance, enhancing trophoblast India [304]
invasion, partially reversing invasion impairment after
H/Rinjury
JEG-3 Inhibits p38MAPK activation, reduces Protects against ceramide-induced necroptosis in China [303]
RIPA1, RIPA3, and pro-inflammatory cyto-  trophoblasts
kine expression
GYY4137
Organic slow-releasing
donor
Rat PE model Upregulates eNOS protein expression Significant antihypertensive effects, restores UA blood ~ USA [300]
flow, reduces Rl and PI
Mouse PE model Reduces sFlt-1 and sEng levels Enhances vascular function, improves placental perfu- USA [158]
sion, and optimizes fetal growth outcomes
Chronic intermittent Sulfur-modifies MTFR1L (C222/C230 sites)  Maintains mitochondrial morphology and function, China [178]
hypoxia mouse model enhances trophoblast migration and invasion
HTR-8/SVneo Sulfhydration of Miro2C185/C504 main- Regulates mitochondrial function, enhances tropho-  China (1771
tains mitochondrial function blast migration and invasion, promotes spiral artery
remodeling
MZe786
H,S-releasing aspirin
Mouse PE model Promotes antioxidant gene expression Enhances placental antioxidant capacity, alleviates UK [301]
PE-related oxidative stress and vascular dysfunction,
lowers hypertension risk, and reduces renal damage
GDM
NaHS
Inorganic salt (fast-releas-
ing donor)
HTR-8/SVneo Inhibits NLRP3 inflammasome activation  Suppresses NLRP3 inflammasome activation in human China [329]
placental cells, reducing insulin resistance
PTB
NaHS
Inorganic salt (fast-releas-
ing donor)
Human myometrial Mediates Ky channels Inhibits the amplitude and frequency of spontaneous  China [336]
tissue contractions; selectively reduces oxytocin-induced
contraction frequency without affecting amplitude
Human myome- Mediates L-type calcium channels and Inhibits myometrial contractions, maintaining uterine UK [337]

trial tissue, pregnant rat
myometrium

Karp channels, reducing Ca?* influx

stability during pregnancy
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Disease type, H,S Mechanism of action Key effects & findings Country  Reference
donor, Chemical type
Research model
Uterine smooth muscle  Inhibits TLR4/NF-kB signaling and blocks  Reduces uterine CAPs and pro-inflammatory cytokine  China [333]
cells (UMSCs), LPS- NLRP3 inflammasome activation expression, delaying LPS-induced preterm labor
induced preterm labor
mouse model
Pregnant rat Relaxes smooth muscle, reduces contrac-  NaHS and L-cysteine dose-dependently inhibit spon- UK [335]
myometrium tion strength taneous contractions in rat uterine smooth muscle
LPS-induced preterm Downregulates ERK1/2 and NF-kB signal- ~ Maintains uterine quiescence during infection/ China [334]
labor mouse model ing, inhibits pro-inflammatory cytokines,  inflammation
prevents leukocyte infiltration
Human and pregnant rat Mediates L-type calcium channels and Reduces CAPs production in myometrial cells by China [214]
myometrial tissue K,gp channels, reducing Ca2* influx decreasing inflammatory cytokine expression
GYY4137
Organic slow-releasing
donor
Human and pregnant rat Mediates L-type calcium channels and Inhibits myometrial contractions UK [337]
myometrial tissue Karp channels, reducing Ca2* influx
Na,S
Inorganic salt (fast-releas-
ing donor)
Rat uterine tissue Mediated through a DIDS-sensitive CI- Induces relaxation of uterine smooth muscle cells Serbia [338]
channel pathway, influenced by redox
status and Ca?" levels
ATB-346
H,S-releasing naproxen
derivative
Human myometrial Releases H,S while activating endog- More effectively reduces uterine contraction ampli- UK Serbia  [339]
tissue enous H,S to relax smooth muscle, with  tude and total contractile force compared to Na,S
COX inhibition reducing inflammation
RSA
NaHS
Inorganic salt (fast-releas-
ing donor)
Pregnant mouse model  Restores TGF-3 and PGE2 levels, balances  Rapidly alleviates inflammation, enhances immune China [24]
Th1/Th2 immunity, inhibits NF-B, reduces  tolerance, reduces pregnancy loss
IL-1R1 and COX2 expression
GYY4137
Organic slow-releasing
donor
HTR8/SVneo JEG3 Upregulates MMP-2 and VEGF expression  Enhances trophoblast migration and invasion in a China [24]
dose-dependent manner
Pregnant mouse model  Long-term inhibition of the NF-kB Long-term immune homeostasis maintenance, sup-  China [24]
pathway to prevent excessive activa- pression of chronic inflammation, enhancement of
tion of COX2 and PGE2; Reduction of maternal-fetal immune tolerance, and prevention of
pro-inflammatory factors TNF-a and IFN-y;  recurrent miscarriage
Maintenance of Th1/Th2 balance and
sustained promotion of TGF- expression
FGR
DATS
Organic sulfur
compound
Human placental tissue  Upregulates MHC, SMA, desmin, and Promotes SMC differentiation and stability, prevents UK [351]

NaHS
Inorganic salt (fast-releas-
ing donor)

CRBP1

abnormal vascular remodeling, optimizes placental
blood flow in FGR
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Disease type, H,S Mechanism of action
donor, Chemical type

Research model

Key effects & findings

Country Reference

Human placental tissue  Activates K,;p channels, enhances NOS Improves placental perfusion, protects fetal growth in - UK [163]
activity, promotes vasodilation pregnancy complications

GYY4137

Organic slow-releasing

donor

Pregnant rat model Reduces hypertension-induced placental  Improves placental function, significantly increases Brazil [352]

oxidative stress

placental and fetal weight

H2Shydrogen sulfide, PE preeclampsia, KATPactivating adenosine triphosphate (ATP)-sensitive K+ channel, RVLMrostral ventrolateral medulla LPS lipopolysaccharide,
HUVECs human umbilical vein endothelial cells, sFit-1 soluble fms-like tyrosine kinase-1, sEng soluble endoglin, Bcl-2 B-cell ymphoma-2, PRAP proline-rich acidic
protein, MMP matrix metalloproteinase, TIMP tissue inhibitor of metalloproteinases, H/R hypoxia/reoxygenation, MAPK mitogen-activated protein kinase, RIPA1
receptor-interacting serine/threonine-kinase-1, RIPK3 receptor-interacting serine/threonine-kinase-3, eNOS endothelial nitric oxide synthase, Rl resistance index,
Pl pulsatility index, MTFRIL mitochondrial fission regulator 1-like protein, Miro2 mitochondrial Rho GTPase 2, GDM gestational diabetes mellitus, NLRP3 nucleotide-
binding oligomerization domain-like receptor 3, UMSCs Uterine smooth muscle cells, TLR4 Toll-like receptor 4, NF-kB nuclear factor-kappa B, CAPs contraction-
associated proteins, ERK1/2 extracellular signal regulated kinase, COX cyclooxygenase, Thi: T-helper 1 Th2: T- helper 2, VEGF vascular endothelial growth factor, PGE2
prostaglandin-E2, FGR fetal growth restriction, MHC myosin heavy chain, SMA smooth muscle actin, CRBP1 cellular retinol-binding protein 1

p38 MAPK signaling pathway. In mouse experiments,
supplementation chondroitin sulfate increased SRB (e.g.,
Desulfovibrio piger), enhanced colonic H,S production,
and improved glucose tolerance through elevated GLP-1
and insulin secretion. These findings highlight the poten-
tial of H,S donors or microbiota-targeted prebiotics as
novel antidiabetic strategies.

GDM, defined as glucose intolerance first diagnosed
during pregnancy, is primarily driven by IR and insuffi-
cient B-cell compensation [317]. While often considered
transient, GDM is a strong predictor of future type 2 dia-
betes mellitus and has long-term health implications for
both mother and child [317-320]. Emerging evidence
indicates that H,S deficiency may contribute to GDM
pathogenesis. Teng et al. [321] observed significantly
reduced peripheral blood H,S levels in GDM patients.
Inflammatory cytokines such as IL-6 and TNF-a are
elevated in GDM, correlating positively blood glucose
and negatively with H,S levels, suggesting that H,S may
modulate GDM by suppressing inflammation [321, 322].
Moreover, placental and adipose-derived cytokines such
as IL-1p and IL-18 exacerbate maternal IR [323-325],
and the nucleotide-binding oligomerization domain-like
receptor 3 (NLRP3) inflammasome plays a central role in
this inflammatory response [326, 327]. Studies by Zhang
et al. [328] and Wu et al. [329] demonstrated upregula-
tion of NLRP3 and caspase-1 in GDM placentas, along
with decreased expression of H,S-synthesizing enzymes
(CSE and CBS). Wu et al. further show that NaHS or its
precursor Cys inhibited NLRP3 signaling and decreased
IL-1 and IL-18 production in human placental cells
[329]. These findings suggest that H,S may alleviate pla-
cental inflammation and maternal IR by modulating the
NLRP3 inflammasome. The anti-inflammatory, antioxi-
dant, and antiapoptotic properties of H,S [306, 330] fur-
ther support its therapeutic potential in GDM.
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However, current research remains at an early stage.
Existing studies have focused primarily on animal mod-
els or in vitro experiments, and key mechanisms—such
as H,S involvement in insulin signaling, glucose trans-
port, gut microbiota, and placental function, require
further elucidation. Notably, the placenta plays a crucial
role in maternal-fetal metabolic regulation by secret-
ing cytokines and hormones that influence IR [331,
332]. Dysfunction placental signaling may intensify sys-
temic inflammation and worsen metabolic homeostasis
in GDM. Although H,S is essential for placental devel-
opment, its potential role in modulating early placen-
tal function during GDM pathogenesis remains largely
unexplored. Further investigation into this axis could
offer new insights into GDM prevention, early screening,
and targeted intervention strategies.

PTB

Uterine quiescence is essential for maintaining pregnancy
to term. H,S production increases during pregnancy but
drops sharply at labor onset [170], suggesting its pivotal
role in preventing PTB [69, 214]. Infection and inflam-
mation are major triggers of preterm labor and H,S has
been shown to suppress uterine inflammation by inhib-
iting the TLR4/NF-kB pathway, thereby downregulating
NLRP3 inflammasome activation, contraction-associ-
ated proteins and proinflammatory cytokines in human
myometrial tissue [333]. In mouse models, NaHS delays
lipopolysaccharide (LPS)-induced PTB by dampening
inflammatory signaling [96, 334]. Nonetheless, the role of
H,S in inflammation-associated PTB may vary depend-
ing on the underlying stimuli. H,S also exerts tocolytic
effects by relaxing uterine smooth muscle. In pregnant
rats, both NaHS and its precursor cysteine dose-depend-
ently inhibited spontaneous myometrial contractions
[335]. Similar effects were observed in human myome-
trial tissue, where NaHS reduced contraction amplitude
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and frequency in a dose-dependent manner [336]. Rob-
inson et al. [337] reported that both GYY4137 and NaHS
significantly suppressed oxytocin- and high K*-induced
contractions in pregnant rat and human myometrial tis-
sue, mainly via L-type calcium and K,rp channels.

Anti-inflammatory actions of H,S further contribute
to uterine quiescence. You et al. [214] demonstrated that
in human uterine SMCs, both the H,S donor NaHS and
its precursor Cys inhibited NF-kB activation and proin-
flammatory cytokine production, thereby reducing CAP
expression. Chen et al. [333] also reported that NaHS
downregulated CAP expression by inhibiting the TLR4/
NF-kB/NLRP3 axis. In vivo, NaHS delayed LPS-induced
PTB in mice by reducing leukocyte infiltration and inhib-
iting ERK1/2 and NF-«kB pathways [334].

Other mechanisms have also been implicated. Na,S-
induced uterine relaxation involves DIDS-sensitive CI
channels and redox- and Ca®*-mediated pathways [338].
A recent study discovered that ATB-346, a novel H,S-
releasing compound, exhibited a stronger uterine relax-
ation effect than Na,S, naproxen, or TBZ at the same
concentration did, significantly reducing the contraction
amplitude and total contractile force [339].

Collectively, H,S plays a multifaceted role in main-
taining uterine quiescence by suppressing inflammation
and regulating uterine smooth muscle. Donors such as
NaHS, GYY4137, and ATB-346 show promise as tocolyt-
ics. However, theirpharmacokinetics, safety, and efficacy
require further optimization and clinical validation.

RSA
RSA, defined as three or more consecutive miscarriages
before 20-28 weeks of gestation [340], affects approxi-
mately 5% of reproductive-age couples worldwide [341].
Notably, about 60% of cases are classified as unexplained
recurrent spontaneous abortion (URSA), with immune
dysregulation at the maternal—fetal interface considered
a key pathogenic factor [342, 343]. During implantation,
inflammatory cues trigger a maternal immune shift from
a Th1- to a Th2-dominant state, essential for immune tol-
erance throughout pregnancy [207, 344]. H,S promotes
regulatory T cells (Tregs) differentiation, thereby enhanc-
ing immune tolerance to fetal antigens [345, 346]. Wang
et al. [24] reported that placental CBS expression was sig-
nificantly reduced in URSA patients compared to normal
pregnancies, while CSE levels remained unchanged. In
mouse models, CBS deficiency led to increased embryo
resorption and a Th1/Th2 imbalance in decidual tissues.
Importantly, exogenous H,S donors (NaHS or GYY4137)
partially reversed early pregnancy loss in both CBS*/~
maternal mice and the CBA/] x DBA/2 RSA model mice,
suggesting therapeutic value in immune-mediated RSA.
Impaired trophoblast invasion is another contribu-
tor to RSA, as failure to remodel maternal spiral arteries

Sulfatonic’

Page 21 of 31

can lead to placental insufficiency and pregnancy fail-
ure [347]. Wang et al. [24] demonstrated that NaHS
enhanced trophoblast migration and invasion in HTR8/
SVneo and JEGS3 cells, accompanied by increased MMP-2
and VEGF expression-effects similar to CBS overex-
pression. Transcriptomic analysis further revealed
CBS-dependent changes in immune and inflammatory
responses, including IL-1R and prostaglandin-endo-
peroxide synthase 2, both involved in NF-kB-mediated
inflammatory signaling. These findings suggest that H,S
donors not only enhance trophoblast migration and inva-
sion but also modulate inflammation and immune bal-
ance at the maternal—fetal interface, supporting their
potential role in improving immune tolerance and reduc-
ing the risk of RSA.

FGR

FGR is a major contributor to adverse perinatal out-
comes, including intrauterine fetal death, neonatal
asphyxia, and hypoxemia. Moreover, FGR has long-term
consequences, increasing the risk of cognitive develop-
mental delays in childhood and metabolic disorders such
as type 2 diabetes and cardiovascular diseases in adult-
hood [348]. Approximately 65-70% of FGR cases pres-
ent with abnormal umbilical artery Doppler waveforms
[349], reflecting placental hypoperfusion and increased
placental vascular resistance, which are central to FGR
pathogenesis [349, 350]. Cindrova-Davies et al. [163]
found that CSE expression in trophoblasts from FGR and
PE placentas with abnormal Doppler flow, which corre-
lated with increased placental vascular resistance, impli-
cating CSE/H,S dysregulation in impaired perfusion.
In human placental tissues precontracted with throm-
boxane mimetics, NaHS induced vasodilation by acti-
vating K,rp channels and enhancing NOS activity, thus
improving blood flow. Lu et al. [351] further character-
ized vascular remodeling in stem villous arteries of FGR
placentas, noting decreased expression of contractile
markers, including myosin heavy chain, smooth muscle
actin, and desmin, and elevated dedifferentiation markers
such as cellular retinol-binding protein 1 (CRBP1) and
MMP-2. These changes were accompanied by lumen nar-
rowing and increased wall thickness-to-lumen ratio. CSE
expression positively correlated with contractile mark-
ers and birth weight, while CRBP1 and MMP-2 showed
inverse correlations. In vitro, hypoxia-reoxygenation
or CSE inhibition recapitulated these structural abnor-
malities, whereas treatment with the H,S donor DATS
prevented pathological remodeling, suggesting that H,S
supports vascular integrity by maintaining SMC differ-
entiation. Zochio et al. [352] investigated that GYY4137,
a slow-releasing H,S donor, improved placental functio-
nin hypertensive pregnancy models, increasing placental
and fetal weights while reducing oxidative stress. These
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findings further support the potential of GYY4137 in
placental dysfunction associated with FGR by improving
placental perfusion, alleviating oxidative stress, and stabi-
lizing the placental microenvironment.

Overall, H,S appears to be a key regulator of placen-
tal perfusion, vascular remodeling, and oxidative stress
control. H,S donors such as GYY4137 and DATS show
therapeutic promise in improving placental function
and promoting fetal growth. However, most findings are
preclinical; robust clinical studies are needed to evaluate
safety, efficacy, and optimal delivery strategies to guide
potential translation into FGR therapies.

Co-Therapeutic potential of H,S donors: exploring
combined treatment strategies

H,S and CO are both endogenous gaseous signaling mol-
ecules with overlapping biological activities, including
vasodilation, anti-inflammation, and cytoprotection. This
functional similarity has prompted the development of
dual-donor compounds capable of simultaneously releas-
ing H,S and CO. Bai et al. first synthesized such CO-H,S
dual-donors, which exhibited enhanced bioactivity and
significant anti-proliferative effects [353]. These com-
pounds also demonstrated anti-inflammatory, antihy-
pertensive, and cardioprotective properties. However,
at higher concentrations (>10 pmol-L™), they caused
developmental malformations in zebrafish embryos,
highlighting the need for careful evaluation of their phar-
macological profiles and safety.

The combined application of H,S and NO donors has
also attracted growing attention. NO is a well-established
vasodilator that supports vascular tone, inhibits platelet
aggregation, and enhances microcirculation. By com-
bining NO and H,S donors, researchers aim to leverage
their synergistic effects, particularly in vascular protec-
tion and oxidative stress reduction during pregnancy. For
example, Wang et al. [354] synthesized NOSH-NBP-5, a
dual-donor compound integrating butylphthalide (a neu-
roprotective agent), NO and H,S. Similarly, Kodela et al.
[355] developed dual-donor aspirin derivatives (NOSH-1
to NOSH-4), which simultaneously release NO and HS,S.
These compounds exhibit potent anticancer activity, par-
ticularly NOSH-1, which had an IC;, of (48 +3) nmol-L™
against colorectal cancer cells (HT-29), which is signifi-
cantly lower than that of aspirin (ICs, >5 mmol-L™"), indi-
cating that the combination of NO and H,S donors could
greatly enhance the therapeutic efficacy of conventional
drugs.

Although current research has focused primarily on
cancer, cardiovascular diseases, and neuroprotection,
H,S-NO and H,S-CO dual donors show synergistic
anti-inflammatory, antioxidant, and vasodilatory effects
that could be highly relevant for pregnancy complica-
tions. These include modulation of inflammation at
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the maternal—fetal interface, enhancement of placen-
tal perfusion, and amelioration of vascular dysfunction
in pregnancy-induced hypertension and PE. However,
studies on dual gasotransmitter donors in the context of
pregnancy remain scarce, and many lack comprehensive
assessments of pharmacokinetics, long-term safety, and
translational feasibility. Future research should focus on
integrating in vivo models, ex vivo placental systems, and
clinical trials to validate the therapeutic potential of H,S-
based combination strategies in maternal—fetal medicine.

Conclusions

H,S, an essential endogenous gasotransmitter, plays mul-
tifaceted roles in placental development by regulating
trophoblast invasion, angiogenesis, vascular remodeling,
and immune homeostasis. Emerging evidence indicates
that dysregulated H,S production is closely associated
with pregnancy-related complications such as PE, FGR,
and PTB. Preclinical studies suggest that H,S donors can
improve placental perfusion and alleviate vascular dys-
function, highlighting their therapeutic potential. How-
ever, clinical translation remains limited by challenges
in targeted delivery, dosing, and safety. Future efforts
should focus on developing stable, tissue-specific H,S-
releasing compounds, clarifying molecular mechanisms,
and exploring synergy with other gasotransmitters like
NO and CO. Clinical trials and biomarker-driven strate-
gies are needed to validate efficacy and enable personal-
ized interventions. H,S-based therapies hold promise as
innovative approaches for preventing and treating preg-
nancy-related disorders, with further research critical to
advancing their clinical application.

Abbreviations

UA Uterine artery

SAR Spiral artery remodeling

EVT Extravillous trophoblast

SMC Smooth muscle cell

PE Preeclampsia

FGR Fetal growth restriction

RSA Recurrent spontaneous abortion

PTB Preterm birth

H,S Hydrogen sulfide

NO Nitric oxide

co Carbon monoxide

Krp Activating adenosine triphosphate (ATP)-sensitive K* channels
BKc, Large-conductance calcium-activated potassium channels
VEGF Vascular endothelial growth factor
CBS Cystathionine B-synthase

CSE Cystathionine y-lyase

3-MST 3-mercaptopyruvate sulfurtransferase
UtBF Uterine blood flow

PLP Pyridoxal-5"-phosphate

Hcy Homocysteine

Ser Serine

Cth Cystathionine

PIGF Placental growth factor

MAPK Mitogen-activated protein kinases
ONOO~  Peroxynitrite

NO,” Nitrite

3-MP 3-mercaptopyruvate
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CAT Cysteine aminotransferase

SSH Persulfides

DAO D-amino acid oxidase

Cys L-cysteine

SRB Sulfate-reducing bacteria

SO~ Utilizing sulfate

S Sulfide

S0O;™ Sulfite

S,05% Thiosulfate

DATS Diallyl trisulfide

GSH Glutathione

Fe Ferric iron

SQR Sulfide quinone oxidoreductase
ETHE1 Persulfide dioxygenase

SUOX Sulfite oxidase

SO Sulfate

SO Sulfate

TST Thiosulfate sulfurtransferase
S,05% Thiosulfate

CH5SH Methanethiol

S-Hb Sulf-hemoglobin

HSxS~ Polysulfides

CTBs Cytotrophoblasts

STBs Syncytiotrophoblasts

ECs Endothelial cells

uNK Uterine natural killer

MMPs Matrix metalloproteinases

sGC Soluble guanylate cyclase

sFIt-1 Soluble fms-like tyrosine kinase-1
sEng Soluble endoglin

IUGR Intrauterine growth restriction
MTFRIL  Mitochondrial fission regulator 1-like protein
TLR4 Toll-like receptor 4

VSMCs Vascular smooth muscle cells
eNOS Endothelial nitric oxide synthase
ERK1/2 Extracellular signal regulated kinase
HO-1 Heme oxygenase-1

Th1 T-helper 1

Th2 T-helper 2

NF-kB Nuclear factor-kappa B

H/R Hypoxia/reoxygenation

E1 Estrone

E2 Estradiol

E3 Estriol

E4 Estetrol

OVX Ovariectomized

ERs Estrogen receptors

GPER G protein-coupled estrogen receptor
cGMP Cyclic guanosine monophosphate
TFs Transcription factors

EREs Estrogen response elements
pGC-A Particulate guanylate cyclase A
PKG-I CGMP-dependent protein kinase |
GDM Gestational diabetes mellitus
HFD High-fat diet

IR Insulin resistance

GLP-1 Glucagon-like peptide-1

NLRP3 Nucleotide-binding oligomerization domain-like receptor 3
LPS Lipopolysaccharide

URSA Inexplained recurrent spontaneous abortion

CRBP1 Cellular retinol-binding protein 1
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